Free radical-induced cellular stress contributes to cancer during chronic inflammation. Here, we investigated mechanisms of p53 activation by the free radical, NO. NO from donor drugs induced both ataxia-telangiectasia mutated (ATM)-and ataxiatelangiectasia mutated and Rad3-related-dependent p53 posttranslational modifications, leading to an increase in p53 transcriptional targets and a G2͞M cell cycle checkpoint. Such modifications were also identified in cells cocultured with NO-releasing macrophages. In noncancerous colon tissues from patients with ulcerative colitis (a cancer-prone chronic inflammatory disease), inducible NO synthase protein levels were positively correlated with p53 serine 15 phosphorylation levels. Immunostaining of HDM-2 and p21 WAF1 was consistent with transcriptionally active p53. Our study highlights a pivotal role of NO in the induction of cellular stress and the activation of a p53 response pathway during chronic inflammation.
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posttranslational modification ͉ phosphorylation A n increased cancer risk occurs in tissues of the body undergoing chronic inflammation (1) . Although it appears that the onset of carcinogenesis associated with inflammation is mediated by free radical species, identification of specific free radicals and their targets remains vague. NO is a candidate free radical, and the p53 tumor suppressor is a candidate molecular target. Our recent finding of increased p53 mutation load in inflamed colon tissue from patients with ulcerative colitis (UC, a cancer-prone inflammatory bowel disease) (2), Wilson's disease, and hemochromatosis (3), along with elevated inducible NO synthase (iNOS) levels, is consistent with p53 as a molecular target of free radicals.
p53 mutations contribute to clonal cellular expansion and genomic instability because of diminished regulation of cell cycle checkpoints, DNA repair, and apoptosis (4) (5) (6) . However, before somatic mutations, p53 mediates these anticarcinogenic cellular functions through a DNA damage-response pathway involving phosphorylation and acetylation posttranslational modifications (4) (5) (6) . We report here several mechanisms through which NO induces p53 activation in vitro (cells exposed to NO-generating drugs and NO-releasing macrophages) and in UC.
Methods
Comet Assay. For all treatments, an alkali comet assay was performed according to instructions provided by the manufacturer (Comet Assay, Trevigen, Gaithersburg, MD (10 units͞ml) , and streptomycin (10 g͞ml, Biofluids). For MCF-7 cells, 1 nM estradiol (Sigma) also was added.
Coculture Conditions. MCF-7 cells were seeded at 2.5 ϫ 10 6 cells per 150-mm culture dish 24 h before exposure to macrophages. Before adding to MCF-7 cells, log-phase ANA-1 murine macrophages were activated with IFN-␥ (100 units͞ml; R & D Systems) and lipopolysaccharide (10 ng͞ml, Escherichia coli, 0111:B4; Sigma) in a two-step paradigm, as described (7) . Cells (2.5 ϫ 10 7 ) were then added to the actively growing MCF-7 cells, and the coculture was incubated for 8 h before harvest.
Immunoprecipitation, Western Blot Analysis, and Antibodies. Cells or homogenized tissue samples were lysed in a buffer containing 50 mM Tris⅐HCl, pH 7.5, 5 mM EDTA, 150 mM NaCl, 1% triton X-100, 50 mM sodium fluoride, 10 mM sodium pyrophosphate, 25 mM ␤-glycerophosphate, 1 mM sodium ortho vanadate, 1 mM sodium molybdate, 10 g͞ml aprotinin, 10 g͞ml leupeptin, 5 g͞ml pepstatin A, 0.5 mM PMSF, and 5 M Trichostatin A plus a recommended dose (three tablets per 50 ml of buffer) of Complete protease inhibitor mixture tablets (Roche Diagnostics). p53 protein was isolated by using double immunoprecipitation with mouse monoclonal anti-p53 antibodies (human cells or tissue: agarose conjugated-Pab 1801 and -DO-1; Santa Cruz Biotechnology). Briefly, after protein quantification, an aliquot of complete lysate was saved. For the remaining lysate, conjugated antibodies were added to 2 mg of whole cell extract (5 g of each conjugated antibody) or 20 mg of tissue extract (20 g of each conjugated antibody) and incubated while rotating for 2 h at 4°C. After centrifugation (2,300 ϫ g, 1 min), the agarose-Ab complex was again added to the supernatant and incubated for 1 h at 4°C. The pellet (agarose-antibody-antigen complex) was washed five times with cold lysis buffer, then a buffer containing 63 mM Tris⅐HCl, 10% glycerol, 2% SDS, and 0.0025% bromophenol blue was added to the sample. When separating whole cell lysates, the same sample buffer containing ␤-mercaptoethanol was added. Three hundred micrograms of the immunoprecipitated cellular protein, 2 mg of the immunoprecipitated tissue extract, or 30 g of cell lysate were loaded per well, separated by SDS͞PAGE (Invitrogen), and electrotransferred onto poly(vinylidene difluoride) membranes (Immobilon-P, Millipore Nitrate and Nitrite Assay. Nitrite and nitrate are the stabile end products of NO metabolism and were measured in culture media with a fluorometric assay kit (Cayman Chemical).
FACS and Mitotic Index Assays. FACS analysis and the mitotic index assays have been described (8, 9) .
Immunohistochemistry. Serial sections were incubated in monoclonal anti-human iNOS (Transduction Laboratories), monoclonal anti-human p21 WAF1 (Oncogene Research), monoclonal anti-human MDM-2 (HDM-2, Oncogene Research), or polyclonal anti-human p53 phosphoserine 15 (Cell Signaling). Signals were amplified with a biotinylated anti-mouse or anti-rabbit IgG (DAKO), followed by horseradish peroxidase-conjugated avidin-biotin complex (Vector Laboratories); the chromogen was diaminobenzidine tetrahydrochloride (Pierce). To model conditions of active inflammation, a coculture system with p53-null murine macrophages and wild-type p53 MCF-7 cells (10 macrophages:1 MCF-7 cell) was used. Cytokines stimulated iNOS and the macrophages to release NO, resulting in p53 accumulation and posttranslational modifications in neighboring MCF-7 cells (Fig. 1c, lane 3 and Fig. 5f ). The p53 residues modified most markedly after iNOS induction in neighboring macrophages were those modified most by the NO donors. These modifications were prevented by inhibition of NO synthesis with L-N-monomethyl arginine (Fig. 1c, lane 8) . The observation that the coculture system was less potent in inducing p53 modifications appears to reflect a dose͞rate effect of NO (Fig. 5 e and f ) . The serine 15 phosphorylation on p53 (P-Ser-15), a principal residue modified in vitro ( Fig. 1 b and c; Fig. 5d ), mediates p53 accumulation and activation, and is modified by specific kinases in vivo (4-6). We, therefore, focused on this residue to identify possible mechanisms involved in NO-associated p53 posttranslational modification. We examined the ATM, ATR, p38, and DNA-PK kinases, because they were previously shown to be either involved in P-Ser-15 after cellular stress or activated by NO (4-6, 12). We found a role of ATM in NO-induced p53 phosphorylation and accumulation in both isogenic human cell lines and MEFs from gene knockout mice. ATM Ϫ/Ϫ MEFs exposed to SPER͞NO (0.5 mM) had a reduced P-Ser-18 (murine equivalent of the P-Ser-15 in human cells) signal compared with ATM ϩ/ϩ MEFs (Fig. 2 a and b) . Five-Gy ␥-irradiation was a positive DNA-damaging agent control, which also resulted in reduced P-Ser-18 in ATM Ϫ/Ϫ MEFs; the negative control was 25 J͞m 2 UV, which resulted in no observable change compared with ATM ϩ/ϩ MEFs, consistent with results from previous studies (13) . An early but reduced response also occurred in NO-exposed human ataxia-telangiectasia lymphoblastoid cell lines ( Fig. 2 c and d) . This is in contrast to a previous study that did not find a difference in p53 response to 1 mM GSNO in ATM heterozygous vs. homozygous human diploid fibroblasts (14) .
Results

NO from Drug Donors and Macrophages
Overexpression of its homologue ATR can complement the radioresistant DNA synthesis defect of cells lacking ATM (15); thus, we tested whether ATR was responsible for this early and diminished P-Ser-15 signal. Therefore, the experiment was repeated with the addition of caffeine, which inhibits ATM and ATR kinases, but not DNA-PK kinase (16). P-Ser-15 was further diminished with caffeine pretreatment (Fig. 2 c and d) . We did not find significant involvement of either DNA-PK or p38 kinase in NO-induced p53 P-Ser-15 posttranslational modification (Fig. 6 , which is published as supporting information on the PNAS web site). Taken together, both ATM and ATR are responsible for p53 P-Ser-15 after cellular exposure to NO.
NO-Induced p53 Phosphorylation Activates p53 Targets and Engages
a G2͞M Checkpoint. We and others have reported there is a relationship between NO and p53 in cellular physiology. For example, NO can modulate p53-mediated cellular events involved in carcinogenesis and tumor progression, and p53 transrepresses the transcription of iNOS in a negative feedback loop (17) (18) (19) . Consistent with these findings, GSNO or SPER͞NO induced cell cycle changes (G 1 checkpoint, an early decrease in the percentage of cells in active S-phase, and a G 2 ͞M checkpoint) and modulated the expression of p53 transcriptionally regulated proteins in MCF-7 cells (Fig. 7 a and b , which is published as supporting information on the PNAS web site). To determine whether these functional changes were due to p53 activation and were not cell type specific, we exposed HCT 116, HCT 116 p53
, and HCT 116 p21 Ϫ/Ϫ isogenic colon cell lines to 1 mM SPER͞NO. This resulted in similar P-Ser-15 levels to those found with 0.5 mM SPER͞NO in MCF-7 cells (Fig. 7c) . The NO-induced reduction in active S-phase cells and G 1 cell cycle checkpoint was p53-and p21-independent (Fig. 7d) . The inhibition of ribonucleotide reductase is a candidate molecule for these observations, because this has previously been shown to be inhibited by NO, resulting in a rapid decrease in the incorporation of thymidine into DNA during S-phase of the cell cycle (8, 20) . Interestingly, the G 2 ͞M checkpoint was p53-and p21-dependent (Fig. 3b) . This checkpoint was confirmed by measuring the reduction in mitotic index (Fig. 3b) and has been shown previously with other drugs (21, 22) . The p53-dependent increase in the proapoptotic Bax protein (Fig. 3a) is consistent with the requirement of p53 in NO-induced apoptosis. The decrease in HDM-2 at 2 h (Fig. 3a) is also consistent with a recent report demonstrating a decrease of the MDM-2 protein by 2 h with 1 mM GSNO in MEFs (14) .
p53 Is Phosphorylated, Accumulates, and Is Active in UC, a Chronic Inflammatory Disease. Having established that NO is a key inflammatory species involved in p53 posttranslational modification and activation in cell culture, we examined colon tissues from patients with the colon cancer-prone (23) chronic inflammatory disease, UC ( Fig. 4; Fig. 8 , which is published as supporting information on the PNAS web site). Because the degree of inflammation is dynamic and varies within the UC colon, two samples (A and B) were taken from each surgical specimen. Nine of eleven UC cases had detectable levels of iNOS protein. In contrast, iNOS levels were undetectable in normal colon tissues from non-UC donors. This was apparent even when five times the amount of protein from normal tissue was loaded onto the gel (Fig. 4a) . Nonparametric regression analysis revealed a significant increase (P Ͻ 0.05) in iNOS levels with increasing degree of inflammation (Fig. 8a) . p53 protein levels and posttranslational modifications also were undetectable in normal colon tissues, even when 5-fold higher protein was loaded. Results were the same in tissues derived from five separate non-UC colon tissues (data not shown). In contrast, 9 of 11 UC patients had detectable P-Ser-15 levels, and all 11 UC patients had detectable p53. There also was a significant increase in P-Ser-15 levels (P Ͻ 0.05) with increasing degree of inflammation (Fig. 8a) . The immediate rise in P-Ser-15 levels with minimal inflammation (inflammation index of 1, Fig. 8a) is consistent with the hypothesis that P-Ser-15 is a sensitive biomarker of inflammation. There also were detectable levels of acetylated lysine 382 (Acet-Lys-382) (Fig. 8b) . Highly significant positive correlations between iNOS and P-Ser-15 (r s ϭ 0.75, P Ͻ 0.001) and between P-Ser-15 and p53 levels (r s ϭ 0.83, P Ͻ 0.001) were observed (Fig. 4b) , consistent with the hypothesis that P-Ser-15 is a modification involved in NO-induced p53 accumulation in the UC colon. Fig. 4c shows representative serial tangential sections of crypts of Lieberkuhn from the colon of a healthy patient (''Normal'') and from a UC patient (''Ulcerative Colitis''). Except for a few cells, P-Ser-15 immunostaining was undetectable in the normal colon. In UC, staining occurred in both epithelial (E) and stromal (S) cells. Staining was specific because there was no signal with an IgG antibody control and the signal was eliminated by preincubating the anti-P-Ser-15 antibody with its epitopecontaining blocking peptide (Fig. 8c) . In UC, but not in normal tissue, both epithelial and stromal cells were positively stained after incubation with the anti-iNOS antibody. Although not detectable in normal colon tissue, p53 transcriptional targets such as p21 WAF1 and HDM-2 were positive in UC colon, consistent with p53 activation.
Discussion
Exposure to exogenous ␥-irradiation, UV, and some chemotherapeutic agents activates a DNA damage-response pathway, resulting in phosphorylation, acetylation, and activation of p53 (4) (5) (6) . We have demonstrated that this critical DNA damageresponse pathway is induced by NO in cell culture (through ATM and ATR) and in UC, a colon cancer-prone chronic inflammatory disease.
Advances in the last decade have identified many of the genetic and epigenetic events and their functional significance in the hyperplasia-adenoma-carcinoma pathogenesis of sporadic human colon cancer (24) (25) (26) . Less is known, however, about the molecular mechanisms involved in the more common transition from chronic ulceration to dysplasia to carcinoma found in UC. UC is characterized by sustained nitrosative͞oxidative stress and DNA damage generated during chronic inflammation (2, 27, 28) . Our cell culture data, in combination with the positive correlation between inflammatory index, iNOS, and P-Ser-15 levels, and in turn, P-Ser-15 and p53 levels, suggest that P-Ser-15 is a critical event in NO-induced p53 activation. Previous in vitro studies have shown that P-Ser-15 modulates p53 function (4-6). P-Ser-15 p53 also has been shown to have a reduced binding affinity for HDM-2 (4-6). Because HDM-2 targets p53 for ubiquitination and shuttles it to the cytoplasm for proteasome degradation, this reduced binding results in elevated p53 accumulation and transcriptional activity (29) (30) (31) . Similarly, P-Ser-15 has been shown to inhibit the nuclear export of p53, leading to p53 nuclear accumulation (32) . Whether this and other modifications influence p53 functions in the UC colon remains to be determined. Our results indicating an increase in p21 WAF1 (Fig.  4c) , a G 2 ͞M cell cycle checkpoint gene (Fig. 3b) (21) downstream of p53, are consistent with this hypothesis. The identification of residues modified on p53 by NO exposure and in UC tissue, then, enhances our understanding of the mechanisms by which tissues, undergoing chronic inflammation, protect themselves against genomic insult from free radicals such as NO.
Although our study established NO in this DNA damagemediated p53 adaptive response, other free radicals may also lead to p53 activation in chronic inflammation. However, the findings that ANA-1 macrophages used in our coculture model do not release superoxide nor H 2 O 2 under our stimulating conditions (7), as well as the relatively long half-life of NO (33) , establish the significance of NO in this process. Ongoing experiments to address this issue in vivo involve examining the p53 pathway in response to inflammation in animal models.
The mechanism of activation of ATM and ATR by NO is unknown. NO has previously been shown to directly activate kinases or inactivate phosphatases that target p53 (12) . Our study indicates that DNA damage activation of ATM and ATR kinases is responsible, at least in part, for NO-mediated P-Ser-15 modification on p53. Because ATM Ϫ/Ϫ mice respond with attenuated p21 WAF1 induction after whole body irradiation (34), and we ( Fig.  4c) and others (35) have shown p21 WAF1 staining in the colonic epithelium of UC tissue, the ATM͞ATR kinase pathway is worthy of further study in this and other chronic inflammatory diseases.
On the basis of this and other studies (1, 2) , we propose a model of colon carcinogenesis in UC patients that highlights a paradoxical role of NO in this process. During chronic inflammation, NO and other free radicals are involved in repeated genomic insult. A key role of NO is supported by experiments showing trinitrobenzene-treated (which induces chronic colitis) iNOS knockout mice have reduced long-term inflammatory damage to the colon compared with wild-type mice (36) . However, NO can also protect from cellular damage by (i) abrogating cytotoxicity by reactive oxygen species (37); and (ii) as shown here, by inducing an adaptive activation of p53 through ATMand ATR-mediated P-Ser-15 and cell cycle checkpoints, as supported by the observed p21 WAF1 positive staining in UC tissue (Fig. 4c ). This transient cell cycle arrest would allow DNA repair of free radical-induced DNA damage. However, NO can inhibit certain DNA repair enzymes (38) that would partially oppose this protective effect of p53 activation of cell cycle checkpoints. Induction of apoptosis is also a cellular defense to DNA damage. Although others have found that apoptosis is slightly elevated in lesional areas (39), we did not detect significant levels of terminal deoxynucleotidyltransferase-mediated dUTP end-labeling staining in epithelial cells of colonic crypts from any UC cases (data not shown). In addition, UC samples used in this study did not show detectable p53 serine 46 phosphorylation, a modification involved in p53-mediated apoptosis (40) . Because macrophage migration inhibitory factor (MIF) can inhibit p53-mediated apoptosis (41, 42) , possibly through PGE-2 production by COX-2 (41, 43) , and levels of MIF are increased in UC when compared with normal colon samples (44, 45) , free radical-damaged cells could escape apoptosis and clonally expand. In addition, NO can further attenuate apoptosis by directly inhibiting caspases via nitrosylation (46, 47) . Albeit rarely in the large population of colon cells at risk, p53 mutations occur within inflammatory lesions of the UC colon (2). Continued genomic damage from NO and other free radicals, generated from activated macrophages and the stressed colonic epithelium, could drive clonal selection and expansion of these p53 mutant cells that are resistant to free radical-induced growth arrest and apoptosis. Continued genomic instability may then lead to morphologically detectable dysplastic and neoplastic cells that progress over a prolonged period to a detectable tumor. Thus, we propose a model of UC colon carcinogenesis that may apply more broadly to other cancer-prone chronic inflammatory diseases.
